The neutrophils and monocytes of a patient with disseminated candidiasis were found to lack detectable levels of the lysosomal enzyme myeloperoxidase (MPO), although they had normal levels of other granule-associated enzymes. Leukocytes from one of the patient's sisters also lacked detectable MPO; leukocytes from his four sons contained approximately one-third of mean normal peroxidase levels. Neither the patient nor his affected relatives had experienced frequent or unusual bacterial infections.
INTRODUCTION
Normal neutrophils contain the lysosomal enzyme myeloperoxidase (MPO) in amounts that may approximate 5% of their dry weight (2) (3) (4) . First detected in pus over a century ago (5) , MPO has since been purified and extensively studied (6, 7); however, its metabolic functions are incompletely defined. The enzyme may protect neutrophils from the deleterious effects of hydrogen peroxide (8), may participate in the oxidative catabolism of uric acid (9) , and may inactivate certain bacterial toxins (10) . Also, by participating in the oxidation of of reduced triphosphopyridine nucleotide, it has been suggested as a regulator of the hexose monophosphate shunt stimulation that follows particle ingestion by neutrophils (11, 12) . Finally, substantial evidence suggests that AMPO participates in the antibacterial activities of the neutrophil (13) (14) (15) (16) .
This report describes a patient with disseminated candidiasis whose neutrophils and monocytes lacked MPO, although his eosinophils and their precursors had peroxidase activity. This pattern of peroxidase deficiency has been reported previously in only three subjects, otherwise normal, two of whom were brother and sister (17, 18) . Morphologic, biochemical, and functional studies on the leukocytes of the patient and available family members confirmed the genetic nature of the defect, clarified its mode of transmission, and allowed appraisal of some of the suggested biochemical and functional contributions of MPO to the intracellular economy of the neutrophil.
METHODS Case report C. J. B., a 49 yr old white man, was hospitalized at the University of California Medical Center during a 4 wk period in January-February 1968. In December 1964, he had been admitted to a hospital elsewhere because of hemoptysis and an infiltrate in the middle lobe of the right lung. The lobe was excised and histologically showed acute and chronic inflammatory changes without significant numbers of bacteria or fungi; no cultures were made. Diabetes mellitus was detected, and treatment with oral hypoglycemic agents was begun. In October 1967, he was admitted to a hospital because of increasing fatigue, a gradual loss of 50 lb of weight, and recent shoulder pain. A nontender subcutaneous mass on his right scapula was biopsied and proved to be an abscess overlying an osteomyelytic lesion. The biopsy specimens grew Candida albicans in pure culture. In January 1968, he was referred to the Medical Center with a diagnosis of suspected systemic candidiasis.
A review of the family history indicated that none of the patient's relatives have had frequent or unusual infections. His mother, a diabetic, had died of a brain neoplasm at 62 yr of age. His father, two sisters, and four sons are in good health. There is no known consanguinity.
At the age of 6 yr, the patient had an episode of acute polyarthritis, which lasted about a week. Diagnosed as acute rheumatic fever and treated with bed rest, it resolved spontaneously and did not recur. At the age of 12, he lacerated a finger while playing football; a subungual infection and lymphangitis developed, which responded to local measures. Aside from these illnesses, the usual childhood exanthemata, and occasional upper respiratory infections, the patient had been well and did not suffer from frequent or unusual infections until the events of 1964 and 1967.
At the time of admission, the patient appeared chronically ill. Temperature, blood pressure, and pulse were normal. He had mild oral thrush, but his skin and nails appeared normal. The biopsy incision had dehisced, and the tip of the right scapula was visible beneath a large ulcer. On cardiac examination a soft basal systolic murmur was audible. The physical examination was otherwise unremarkable. X-ray films of the chest showed evidence of prior lobectomy and atelectasis and bronchiectasis of the upper lobe of the right lung. Pulmonary function studies indicated moderate restrictive lung disease. No abnormalities were found by bronchoscopic examination, lymphangiography, or percutaneous biopsy of liver and bone marrow.
The total leukocyte count was 16,500/mm3, with 64% neutrophils, 19% lymphocytes, 12% monocytes, and 5% eosinophils. Results of the following determinations were within normal limits: hemoglobin, hematocrit, serum creatinine, creatinine clearance, blood urea nitrogen, serum electrolytes, uric acid, bilirubin, cephalin flocculation, prothrombin time, and erythrocyte triiodothyronine uptake. Fasting blood glucose levels ranged from 160 to 220 mg/100 ml. Sulfobromophthalein retention was 7% at 45 min. Serum alkaline phosphatase was 7.6 Bodansky units; the acid phosphatase level was normal. The serum total protein was 8.1 g/100 ml, with albumin 3.9 g, a1-globulin 0.32 g, a2-globulin 1.1 g, 8-globulin 1.3 g, and y-globulin 1.5 g/100 ml.
Serum immunoelectrophoresis showed a slight increase in IgG, IgM, and IgA levels. Chromosomal studies of peripheral blood and bone marrow leukocytes (19) showed a normal complement of 46 chromosomes; no abnormal chromosomes or aneuploid cells were seen. C. albicans was identified in cultures of material from oral swabs and specimens of stool, urine, and sputum. Cultures of blood, bronchial washings, and biopsy specimens of liver and bone marrow showed no growth.
A week after admission, a painful mass developed in the extensor muscles of the patient's left forearm. The mass was incised and exuded yellow pus which grew C. albicans in pure culture. Intravenous administration of amphotericin B, 270 mg, over a 3 wk period resulted in complete healing of the forearm abscess and partial healing of the scapular ulcer.
The patient was discharged in February 1968 and seen subsequently on an outpatient basis. He received 30 mg of amphotericin B once a week for 5 months and then once every other week for 3 months. In all, he received 1200 mg of amphotericin without untoward effects. He has resumed work, felt well, and regained 32 lb of weight; the diabetes has remained under good control with oral hypoglycemic agents. The scapular ulcer has healed completely, he no longer has thrush, and periodic urine cultures have been negative for C. albicanis. He is still being observed closely for evidence of recurring infection.
Special studies
Skin tests and contact sensitization. Intradermal skin tests were done with standard antigens. Dermatophytin-O (Hollister-Stier Laboratories Inc., Spokane, Wash.) was used for C. albicanzs testing. Hypersensitivity to 2,4-dinitrochlorobenzene was tested 1 month after initial sensitization by the method of Epstein (20) .
Lymphocyte transformation. The response of lymphocytes in vitro to tetanus toxoid and Dermatophytin-O was assessed by a previously described technique (21) . Undiluted Dermatophytin-O, dialyzed overnight against saline to remove the phenol preservative, was added to the cultures in final dilutions of 1: 5 to 1: 150. After 5 days of incubation, thymidine-'4C was added; the cultures were then incubated for an additional 24 hr. The cells were harvested and cell transformation and thymidine incorporation were determined. Electron microscopy. Peripheral blood leukocytes were separated by dextran sedimentation and centrifugation (22) fixed overnight in 3% distilled glutaraldehyde buffered to pH 7.4 with sodium cacodylate, postfixed in 1% osmium tetroxide (23) , dehydrated in ethanol, and embedded in Araldite (Ciba Products Co., Fair Lawn, N. J.) Ultrathin sections were stained with uranyl acetate and lead citrate. Electron micrographs were made with a Siemens Elmiskop IA (Siemens Co., Karlsruhe, Germany).
Histochemical staining. Peripheral blood and bone marrow preparations were stained for alkaline phosphatase by the method of Climie, Heinrichs, and Foster (24) and for acid phosphatase by the method of Gomori, as described by Pearse (25) . Staining with Sudan black B and periodic acid-Schiff (PAS) was done by standard techniques (25) . Staining for peroxidase was done by the method of Goodpasture, as modified by Beacom (26) .
Biochemical enzyme determinations. Leukocytes were separated from heparinized venous blood by dextran sedimentation, and the red cells were removed by differential hypotonic lysis (27) . The cells were washed in phosphate- buffered saline and homogenized for 60 sec in 0.01 M acetate buffer, pH 3.8. The homogenate was centrifuged at 20,000 g for 20 min. The supernatant fraction was assayed for lysozyme, cathepsin, and ribonuclease by the method of Cohn and Hirsch (28) and for MPO by a modification of the method of Klebanoff (29) , with o-anisidine as substrate. D-amino acid oxidase (DAAO) activity was measured by a previously described technique (30) . Protein concentrations were determined by the method of Lowry, Rosebrough, Farr, and Randall (31) . Metabolic studies. Leukocytes were separated by dextran sedimentation and freed of red cells as described above. The cells were suspended in Eagle's minimal essential medium containing 20% AB serum at a concentration of 2 X 107/ml. Production of 14CO2 from glucose-l-14C and the_ incorporation of uridine-3H into ribonucleic acid (RNA) of resting and phagocytic leukocytes was determined as described previously (32) , utilizing polystyrene particles (1 3 A in diameter, 1 mg/ml). Leukocyte oxygen consumption before and after the addition of the test particles was measured at 370C in a Gilson model KM oxygraph with a Clark electrode (Yellow Springs Instrument Co., Inc., Yellow Springs, Ohio) calibrated against the air-saturated suspen0ing medium. Studies were terminated 30 min after the addition of the test particles unless otherwise noted.
Leukocyte mobilization. Leukocyte migration was studied by the procedure of Rebuck and Crowley (33) . Candida serology. Serum from the patient and from 10 normal control subjects was tested for the presence of agglutinins to C. albicanis B311 as described by Preisler, Hasenclever, Levitan, and Henderson (34 Bactericidal activity was measured' by a slight modification of the method of Hirsch and Strauss (36) . Staphylo-COCCIlS aureus 502A and a chromogenic strain of Serratia nmarcescens were grown for 18 hr at 370C in nutrient broth,2 washed twice with bicarbonate-free BSS containing 0.1% gelatin (BSS-gel), and diluted to an appropriate optical density in BSS-gel. The final assay mixture contained 8% fresh-frozen normal AB serum, 5 X 108 neutrophils, and from 0.5 to 1.0 X 108 colony-forming bacterial units in 1 ml of BSS. The mixtures, in small polyethylene tubes, were incubated at 370C with rotation (30 rpm). At intervals, six to eight replicate samples were taken, diluted with distilled water containing 0.01 human serum albumin, and plated on Trypticase soy agar (Baltimore Biological Laboratories, Baltimore, Md.). Neither test organism was killed by BSS-serum controls.
In additional studies, cultures of C. albicanis or Escherichia coli ATCC-1175 were washed twice with BSS-gel, incubated with the patient's leukocytes for 30 min at 370C, and prepared for electron microscopy as described.
RESULTS

Immunologic studies
The patient could manifest delayed hypersensitivity, as indicated by positive reactions to skin tests with mumps antigen and Dermatophytin-O. Skin tests for histoplasmin, coccidioidin, and tuberculosis (PPD) were negative. Dinitrochlorobenzene challenge 1 month after the initial sensitization elicited a positive reaction. The patient's serum contained agglutinins to C. albicans B311 at a titer of 1: 64, in contrast to 10 normal control sera whose agglutinin titers were 1: 16 or less. 2 wk after immunization with typhoid-paratyphoid vaccine, the pa- 1 In collaboration with Dr. Jon Hanifin, Division of Dermatology, Department of Medicine, University of California Medical Center, San Francisco, Calif. 2Bacto Tryptic Soy Broth, Difco Laboratories, Inc., Detroit, Mich. tient's serum antibody titer against Salmtonella H, initially positive at 1:40, was 1:160, and titers against Salmonella 0 and paratyphoid A and B, initially negative, were positive at 1: 160.
Lymphocyte transformation increased normally in response to tetanus toxoid and to Dermatophytin-O in vitro. Dermatophytin-O, in a dilution of 1: 15, resulted in morphologic transformation of 11% of the patient's lymphocytes, compared with a mean of less than 4% in unstimulated control cultures; thymidine incorporation was 365 dpm/3 X 106 cells, compared with 47 dpm in the control cultures.
Morphologic studies
Structure. No morphologic abnormalities were seen in the patient's neutrophils by light microscopic examination of Romanowsky-stained preparations or by direct phase microscopy. By electron microscopy, nuclear configuration and cytoplasmic morphology appeared normal, and granules were normal in number, size, shape, and density (Fig. 1) .
Histochemistry. Alkaline phosphatase, acid phosphatase, PAS, and Sudan black B stains of the patient's peripheral blood were indistinguishable from similarly stained preparations of normal cells. No peroxidase was demonstrable in his neutrophils and monocytes, although eosinophils and their bone marrow precursors had abundant peroxidase activity (Fig. 2 ).
Biochemical studies
The results of biochemical enzyme determinations on homogenates of leukocytes from the patient and normal subjects are compared in Fig. 3 . As shown, the patient's cells had normal levels of lysozyme, ribonuclease, and cathepsin. The DAAO activity of his leukocytes was 2.73 X 10-/4moles of 02 per sec per mg protein (normal, 0.7-5.3 X 10' Amoles). The peroxidase activity of homogenates of his leukocytes, however, was less than 5% of the mean normal level, a finding compatible with the 3-6% eosinophil contamination of the leukocyte preparations.
The metabolic response to phagocytosis of polystyrene particles was determined in studies on leukocytes from the patient and from eight normal subjects. The patient's cells responded to particle ingestion by increasing their rate of oxygen consumption to 227% of their basal rate (normal, 243 ±33% of basal oxygen consumption). After phagocytosis, oxidation of glucose-1-'4C increased to 850% of control levels (normal, 1540 ±390% of control levels), and incorporation of uridine-3H increased to 232% of control levels (normal 184 ±21% of control levels).
Functional studies
Migration of the patient's leukocytes into a "Rebuck skin window" occurred normally.
The patient's leukocytes phagocytized all Candida species tested, as well as G. candidumt, S. cerevisiae, and Rhodotorula, as rapidly and as completely as normal control cells, ingesting all added organisms within 15 min. Phagocytosis was associated with normal vacuole formation as assessed by examination of stained smears and by direct phase microscopy. The occurrence of vacuole formation and degranulation after phagocytosis of E. coli (Figs. 4 and 5) and C. albicans (Fig. 6 ) was confirmed by electron microscopy.
The results of candidacidal assays on leukocytes from the patient and normal control subjects are compared in Table I . With the assay system employed, normal neutrophils kill 30.5 ±7.3% of ingested C. albicaiis in 1 hr; extending the incubation period to 3 hr does not result in increased killing (1, 35) . In autologous serum or serum from each of four normal AB donors, the patient's neutrophils killed only 0.1 + 0.2% of ingested C. albicans at 1 hr, and little or no additional killing was observed after 3 hr.3 Similar results were obtained in assays with the four other strains of Candida tested, including the strain of C. albicans recovered from the patient's abscess (Table I) . Normal cells assayed in the patient's serum were able to phagocytize and kill Candida normally.
The bactericidal activity of leukocytes from the patient and normal control subjects is compared in Table  II . For studies made between April and June 1968, blood was obtained just before the administration of his weekly dose of amphotericin B. Thle studies of March 1969 3 C. albicans, when incubated in BSS containing serum, forms pseudo-germ tubes after 90-120 min, making it virtually impossible to do precise microscopy and differential counting. This problem can be circumvented by using C. tropicalis, which remains in yeast phase during the incubation. In a study with C. tropicalis, the patient's cells killed 1.3% of the ingested organisms after 3 hr.
were performed 4 months after the coml)letion of aniphotericin B therapy. All the assays gave comparable results. The patient's MPO-deficient leukocytes killed S. rnarcesccns and S. aureus 502A at an abnormally slow rate, requiring 3-4 hr to accomplish the extent of killing attained by normal leukocytes after 45 mnm. Phagocytosis of both organisms, as judged by examination of stained smears of incubation mixtures with varying bacteria: neutrophil ratios, occurred in a comparable manner in MPO-deficient and normal human leukocvtes. Differential centrifugation studies revealed that over 90% of the organisms added to the patient's leukocytes were cell associated within 15 min. The intracellutlar location of a major fraction of the cell-associated Scrratia was confirmed by the ability of the organism to resist an antibiotic exposure (50 Ag of streptomycin and Family studies Leukocytes from three of the patient's four sons were assayed with the test strain of C. albicans and showed normal candidacidal activity. The peroxidase activity of homogenates of leukocytes from the four sons ranged from 22 to 38% of the mean normal level. By histochemical staining, the neutrophils of all four showed a uniform distribution of peroxidase activity. Leukocyte lysozyme and ribonuclease levels were normal in all family members tested (Fig. 3) .
The peroxidase activity of leukocytes from the patient's two sisters and his father was determined by histochemical staining only. Stained smears of the peripheral blood of one sister were indistinguishable from those of the patient; peroxidase activity wvas not present in her neutrophils and monocytes but was present in her eosinophils. Peroxidase was histochemically demonstrable in the neutrophils and monocytes of the father and the other sister. Confirmation that they, like the four sons, are heterozygous must await biochemiical measurements of peroxidase activity. 
DISCUSSION
In this report, we describe a patient whose normally phagocytic neutrophils could kill neither the strain of C. albicants recovered from his lesions nor several other Candida species. These functionally defective neutrophils lacked the lysosomal enzyme MPO.
The presence of peroxidase activity in the patient's eosinophils, despite its complete absence in his neutrophils and monocytes, suggests that eosinophil peroxidase (EPO) and MPO are under separate genetic control in man. This inference is strengthened by the fact that, unlike neutrophils, the eosinophils of several mammalian species lack peroxidase (4, 37). Other observations suggest that EPO and MPO differ in chemical structure (38, 39) . In recent immunologic and spectrophotometric investigations,5 we found normal EPO and MIPO to be immunologically distinct and demonstrated that our patient's neutrophils also lack MPO detectable by these analytic techniques. The family studies reported here, as well as histochemical observation in family members of the three subjects with hereditary MPO deficiency (17, 18) , support an autosomal recessive mode of transmission for this condition.
Systemic candidiasis is representative of those opportunistic mycoses that may occur as a complication of major underlying disorders such as leukemia (40) or lymphoma (41, 42) . Often the affected patients have been leukopenic or have received antibiotic, immunosuppressive, or cytotoxic therapy (40, 43, 44) . Our patient had taken no drugs other than tolbutamide, prescribed for asymptomatic adult-onset diabetes mellitus. Despite intensive physical, laboratory, and radiologic examinations performed during his initial hospitalization 'Salmon, S., J. Schultz, M. J. Cline, and R. I. Lehrer.
Unpublished observations. and the ensuing 14 months of study and treatment, we have detected no other disorder. We found no abnormalities other than MPO deficiency either in our patient's neutrophils or in his cellular and humoral immune responses. Did the Candida infection result from a specific susceptibility engendered by lack of leukocyte MPO? This question cannot be answered definitively until all the factors involved in resistance to systemic candidiasis are known. That the simultaneous occurrence of systemic candidiasis, defective neutrophil candidacidal activity, and hereditary MPO deficiency was on the basis of chance alone, however, seems unlikely.
MPO has been demonstrated to exert bactericidal (14, 15) and candidacidal (45) activity in the presence of hydrogen peroxide and suitable halides. Conditions inhibitory to the function of MPO have been shown to induce bactericidal and candidacidal defects in normal neutrophils (1, 16) . On the basis of these observations, we believe that the deficient candidacidal activity of our patient's neutrophils was attributable to their deficiency of MPO.
The ability of our patient to escape significant bacterial infection for over four decades, the continued well being of his sister and the reported good health of the three previously described subjects with MPO deficiency (17, 18) seem incompatible with suggestions that MPO is the major mediator of neutrophil bactericidal function in man. Our patient's MPO-deficient cells killed S. aureus 502A and S. inarcescens at distinctly subnormal rates; however, killing of the ingested bacteria eventually approached completion.6 These observations indicate the presence of alternative bactericidal mechanisms effective in the absence of MPO and suggest that 'Lehrer, R. I., J. Hanifin, and M. J. Cline. Defective bactericidal activity in myeloperoxidase-deficient human neutrophils. Nature (London). In press. 1486 R. I. Lehrer and M. J. Cline AIPO mav serve an ancillary role in intracellular bactericidal events in the human neutrophil. Additional studies of the bactericidal activity of our patient's neutrophils will be presented elsewhere. 6 Relatively little is known of the fungicidal armaments of mammalian leukocytes. Zeya and Spitznagel (46) have isolated a family of cationic proteins with bactericidal and candidacidal activity from guinea pig and rabbit neutrophils. Our data suggest that MPO may be the major determinant of candidacidal activity in the human neutrophil. Occasional reports have associated leukocyte peroxidase deficiencies with other disorders (47) (48) (49) (50) . With time it should be possible to evaluate the relative significance of hereditary _MPO deficiency as a predisposing cause of systemic candidiasis or other infections in man.
